INTRODUCTION
in both mosquito species. Ookinete densities on the internal midgut surface of An. albimanus were 4.7 times higher than those in An. pseudopunctipennis; however, the densities of developing oocysts on the external midgut surface were 6.12 times higher in the latter species.
Malaria parasite sexual stages are ingested by mosquitoes al. 1990). Cells were again centrifuged and suspended to a 40% hematoparasite multiplies and produces thousands of sporozoites.
crit in a pool of ABO, RH compatible sera from donors without previous Sporozoites migrate to the salivary glands and are injected history of malaria (Ramsey et al. 1994) and with negative antimalaria into a new human host during the bloodmeal.
antibody titers (Gonzalez-Ceron and Rodriguez 1991) .
Circumsporozoite proteins are present on the surface of Cells from each infected blood sample were simultaneously offered through Parafilm-fit artificial feeders to 2-to 6-day-postemergence An.
sporozoites of all Plasmodium species (Nussenzweig and albimanus and An. pseudopunctipennis females. Engorged mosquitoes Nussenzweig 1985) . The central region of the CS protein were maintained at 22-27ЊC and 60-80% humidity. A 10% sugar of P. vivax is formed by units of nine amino acids repeated solution was offered in cotton pads (Gonzalez-Ceron et al. 1999; Rodri- 19 to 20 times. Two phenotypes have been identified ac- guez et al. 2000). cording to the amino acid sequence of these units. In the Determination of ookinete development and migration from the lumen to the internal midgut surface. Ookinetes in bloodmeal contents phenotype VK247 the amino acid sequence is ANGA(G/ and on the internal surface of the midgut epithelium were investigated, D)(N/D)QPG (Rosenberg et al. 1989) , whereas in the pheno- ). In previous studies we documented that An. pseudofresh preparations of midgut epithelium were obtained. After their punctipennis is susceptible to infection with P. vivax VK247, blood contents were removed (as mentioned above), midguts were but highly resistant to VK210, whereas An. albimanus is opened longitudinally and extended on a glass slide, with the internal susceptible to the phenotype VK210, but resistant to VK247 surface upward. This position was maintained with a cover slip. The number of parasites was recorded with a phase-contrast microscope at (Gonzalez-Ceron et al. 1999; Rodriguez et al. 2000) . Howa magnification of 100ϫ (Vernick et al. 1995) . To compare ookinete ever, in both mosquito species, if parasites reach the sporozonumbers produced within the midgut contents, infected-blood-fed mosite stage, they are capable of invading salivary glands. These (Table I) . Midguts were obtained and stained with mercurochrome 1990, Warburg and . We present herein the (Eyles 1950) , and the number of oocysts was recorded by light microsresults of a series of experiments aimed at the identification copy at magnifications of 10-40X. After we noticed the presence of of the site in An. albimanus midguts where P. vivax VK247 degenerated parasites with or without developing oocysts in mosquito development is interrupted. midguts, their proportions were quantified on days 6-8 postinfection in 23 simultaneous infections of both mosquito species (Table II) .
Transmission electron microscopy. The location and morphology of ookinetes of P. vivax VK247 in An. albimanus midgut epithelium was investigated by use of TEM. An. albimanus midgut epithelium MATERIALS AND METHODS preparations (mosquitoes' blood meals were dissected out) were obtained from specimens of three different infections that did not produce developing oocysts. For comparison, mosquitoes from one infection with P. vivax VK210 and from one infection of An. pseudopunctipennis Mosquitoes. An. albimanus female mosquitoes from a whitestriped colony (Chan et al. 1994) and An. pseudopunctipennis strain with P. vivax VK247, which produced oocysts, were also examined. Specimens were fixed with 2.5% glutaraldehyde, 0.25 M sodium cacodfrom a Tapachula colony (Villarreal et al. 1998) , both established at the Center for Malaria Research, were used.
ilate for 2 h at 4ЊC. The preparations were washed with 0.25 M sodium cacodilate and treated with 1% osmium tetraoxide. The specimens Mosquito infections. The protocol and procedures followed in this study were approved by the Ethics Committee of the National Institute were dehydrated with progressive ethanol concentrations, treated with propilene oxide, and embedded in Poly-BED resin (Polisciences, Warof Public Health, Mexico. P. vivax-infected patients were diagnosed by Giemsa-stained thick blood smears. After informed consent, patients rington, PA). Thin sections (100 nm) were contrasted with uranyl acetate and lead citrate and examined in a transmission electron micropresenting at least 2000 parasites/m with any gametocyte density were asked to donate 5-10 ml of blood. Blood samples, withdrawn by scope JOEL-100 SX (Hayat 1970 , Chavez et al. 1995 . P. vivax phenotype identification. The CS protein phenotype of syringes with heparin, were centrifuged, and packed cells were washed with 10 mM Tris, 170 mM NaCl, 10 mM glucose, pH 7.4, a solution parasites infecting each mosquito lot was determined either by the identification of the gene encoding for each parasite phenotype in that avoids gamete formation (Carter and Nijhout 1970; Kawamoto et coefficients and their standard errors. The coefficients were then used to estimate differences in the mean number of parasites per mosquito or the proportion of infected mosquitoes per species, according to the response variable (number of parasites or proportion infected). These models estimate standard errors according to assumed distribution for the observed data and provide more reliable significance tests.
Oocysts and ookinete counts were highly variable among mosquitoes and suggested an overdispersed Poisson or more likely a negative binomial distribution. These were analyzed with a negative binomialbased GLM comparing the expected parasite density, described as the mean number of parasites per mosquito by stage. Parasite density was compared, calculating the ratio by species. The proportion of infected mosquitoes followed a binomial distribution, and it was adjusted with a logistic GLM, which assumes this distribution. To compare the proportion of infected mosquitoes per species, the OR and its 95% CI were estimated. Both model types were adjusted with mosquito species as a dichotomous dependent variable. All tests to compare the differences were carried out at a 95% significance level (␣ ϭ 0.05). pennis were included in the study. In 23 infections, the parasite phenotype was identified by IFA and Western blot, in 7 by PCR and oligoprobe hybridization, and in 9 by both patient blood (Kain et al. 1992; Gonzalez-Ceron et al. 1999) or by immunological and DNA identification methods.
the identification of the protein in mature oocysts or salivary gland sporozoites (Gonzalez-Ceron et al. 1998; Rodriguez et al. 2000) .
Dynamics of P. vivax VK247 ookinetes development and
Statistical analysis. Only those experiments that used VK247-inmigration in An. albimanus and An. pseudopunctipennis. fected and only those with at least one infected mosquito species were Ookinete development was similar within the midgut conincluded in the analysis. Experiments with dubious identification of tents of both mosquito species dissected from 8 to 30 h parasite phenotype (possible mixed infections) were not included. Repostinfection (Fig. 1) . Based on previous descriptions sults were adjusted with GLMs, which use maximum-likelihood estimation methods (McCullag and Nelder 1989) ookinete (preookinete stages) were identified. Eight hours in An. pseudopunctipennis. During the first hours of migration the parasites had a banana shape, but as time progressed, after feeding, over 90% of the parasites, in both mosquito species, were at the preookinete stage I. Two hours later, these forms were less abundant and round parasites with crumbled pigment were observed. over 90% were at the preookinete stage II (retort forms). Twelve hours after feeding, over 90% of the parasites were Analysis of parasite densities during migration from the bolus to the external midgut surface. In seven simultaneous mature ookinetes with a banana shape. Maximal ookinete numbers in blood meal contents were recorded between 12 infections of both mosquito species, data on ookinetes in midgut contents, ookinetes on the internal midgut surface, and 16 h postfeeding. The number of parasites within the midgut contents of An. albimanus and An. pseudopunctiand developing oocysts were available. Results are presented in Table I . Between 14 and 16 h postfeeding, the mean pennis began to decrease at 18 and 20 h postfeeding, respectively, as they were observed in midgut epithelium. At this density of ookinetes was lower in midgut contents of An. albimanus than in those of An. pseudopunctipennis. Later, location during the period of 18-30 h postfeeding, the number of parasites was always higher in An. albimanus than between 20 and 26 h postinfection, the mean density of ookinetes on the midgut internal surface was higher in An. albimanus than in An. pseudopunctipennis. Seven days later, the mean density of developing oocysts was higher in An. pseudopunctipennis than in An. albimanus. Results from the GLM were similar to those observed and indicated that (1) the mean density of ookinetes in the midgut contents was not statistically different (P ϭ 0.16) between mosquito species, (2) the expected density of parasites on the internal surface of An. albimanus midguts was 5.6 (CI 3.96-8.03, P Ͻ 0.001) times higher than that of An. pseudopunctipennis, and (3) the expected density of developing oocysts on the midgut external surface of An. pseudopunctipennis was 12 (CI 3.81-9.85, P Ͻ 0.001) times higher than that of An. albimanus. Ookinete numbers in the midgut internal surface and developing oocysts on the midgut external surface. In a total of 32 simultaneous infections we have data only on parasites on the internal and external sides of midguts. In this group, the proportion of mosquitoes with ookinetes in their internal midgut surface (at 20-26 h postfeeding) was similar in both of the GLM confirmed these observations , was observed in mosquitoes from these infections. In 3 specimens of P. vivax VK247 in An. pseudopunctipennis of P Ͻ 0.001). Also, 7 days postinfection, the mean proportion of infected mosquitoes with P. vivax VK247 developing 23 h postinfection (Fig. 3L ) and in 6 specimens of P. vivax VK210 in An. albinanus of 25 h postinfection (Fig. 3M ) no oocysts was higher in An. pseudopunctipennis (0.96, n ϭ 214) than in An. Albimanus (0.20, n ϭ 790) (P Ͻ 0.001, signs of damage were observed. logistic regression). In these infections the mean density of oocyst per mosquito was also higher in An. pseudopunctipennis (48.99 Ϯ 38.62, n ϭ 207) than in An. albimanus DISCUSSION (12.04 Ϯ 16.15, n ϭ 159). The results of a GLM confirmed these observations (CI ϭ 3.29-5.01, P Ͻ 0.001).
Analysis of developing and degenerated oocyst. In 23 infections (including 14 of the 32 above) both developing
In this study we corroborated the different susceptibilities of the two mosquito species (Gonzalez-Ceron et al. 1999 ; and degenerated oocysts were quantified 7 days after infection (Table II) . In this group, the proportion (0.38, n ϭ 569) Rodriguez et al. 2000) and obtained data indicating the P. vivax VK247 stage and the An. albimanus midgut site where of An. albimanus infected with oocysts (both developing and degenerated parasites) was lower (P Ͻ 0.001, logistic the infection is halted. Although the mean density of P. vivax VK247 ookinetes in midgut contents was higher in regression) than the proportion of infected An. pseudopunctipennis (0.94, n ϭ 256). Among infected mosquitoes, the An. pseudopunctipennis than in An. albimanus, this was not significant and some differences could have arisen from the mean density of total oocysts (developed plus degenerated) was higher in An. albimanus (75.5 Ϯ 98, n ϭ 214) than in blood meal size, as An. pseudopunctipennis is 20% larger than An. albimanus (assessed by their wing length, data An. pseudopunctipennis (56.7 Ϯ 39, n ϭ 240), but the mean density of developing oocysts was higher in An. pseudopuncnot shown). Ookinete morphology and development were similar in both mosquito species. The first differences octipennis. The GLM applied to these data confirmed these observations (CI 1.10-1.62, P ϭ 0.04 for total oocysts and curred during ookinete migration. Ookinetes on the internal midgut surface were seen first in An. albimanus and later CI 5.96-9.78, P Ͻ 0.001 for developing oocysts). Under light microscopy, more than 90% of degenerated parasites in An. pseudopunctipennis, indicating that migration of ookinetes out of the blood meal bolus is slower in An. pseudowere very small and a single nucleus could be observed in some parasites (Fig. 2A) . In few mosquitoes (about 5-10%), punctipennis.
The presence of parasites on the midgut internal surface larger oocysts with retracted cytoplasm were observed (Fig. 2B) .
indicated that parasites were capable of moving through the peritrophic membrane. However, higher densities on the Electron microscopy observations. P. vivax VK247 ookinetes in the midgut epithelium of An. albimanus were internal midgut surface of An. albimanus indicate accumulation at this location. Fast migration out of the blood meal identified by the presence of meronemes, apical complex, inner pellicular membrane, subpellicular microtubules, or bolus could explain this accumulation, but the presence of damaged parasites next to the epithelium at later times sugmalaria pigment. Of 74 parasites examined, none were attached to the microvilli of the epithelium. In specimens gests that parasites had some difficulties invading the epithelium, probably because of the lack of specific binding moleof 22-30 h postfeeding, parasites within epithelial cells were found in the proximities of the basal membrane. Over 90% cules. These have been described in other vector-parasite combinations (Ramasamy et al. 1997; Zieler et al. 1999) . of the parasites were elongated and presented an irregular shape, with cytoplasmic and pellicular membrane folds lo-A delay in the migration of the ookinetes could result in their destruction by digestion enzymes present in the midgut cated on the anterior end of the parasite (Figs. 3A-3E ). In some parasites the pigment was clumped and/or presented lumen (Grass and Yeates 1979; Feldman et al. 1990 ). Because of this destruction, parasite mortality could not be several vacuoles around the crystalloid body (Figs. 3G-3I ). In some cases lysis and cytoplasmic vacuoles were observed estimated. However, the end result, a higher proportion of An. pseudopunctipennis infected with oocysts, indicates that in the epithelium surrounding damaged parasites. Degenerated parasites were observed in samples of 25-30 h postinthe delay in parasite migration out of the blood meal bolus in An. pseudopunctipennis was compensated for by a rapid fection (Figs. 3J and 3K ), but parasites with major damage were seen up to 30 h postfeeding. Only in two mosquito invasion of the epithelium, which may be facilitated by a high affinity receptor. samples, the round shape that ookinetes adopt when transforming into oocysts was observed. No developed oocyst
Previous descriptions of the morphology of ookinetes of P. falciparum (Meis and Ponnudurai 1987; Meis et al. 1989) in parasites that do not develop further than this stage, indicating the participation of CS protein in the morphogenesis and P. berghei nigeriensis (Davies 1974 ) in An. stephensi, of sporozoites (Menard et al. 1997 . It is not likely that the and of P. gallinaceum in Ae. aegypti (Torii et al. 1992) and differences in VK247 oocyst development in An. albimanus P. yoelii nigeriensis in An. omorri (Syafruddin et al. 1991) , and An. pseudopunctipennis originate from the interaction indicate that parasites assume a banana shape as they move of the CS protein and the mosquito immune system, as through the midgut wall, but they adopt a round shape as parasite damage appears to occur early, before nuclear divithey differentiate into oocysts below the basal membrane sion initiates and the production of CS protein has begun. (Sinden 1984 Although the proportion of infected mosquitoes was lower in An. albimanus, in those mosquitoes that became infected, the mean density of parasites that reached the external midgut surface (estimated by the sum of degenerated and devel-REFERENCES oped oocysts) was higher than that in An. pseudopunctipennis. Nevertheless, in infected An. albimanus, degenerated parasites corresponded to more than 90% of the total oocysts. this damage the sporoblast stage, and a knock-out of the CS gene results
